Culture is humanity's prime adaptation. Which cultural traits contribute to adaptive 1 2 value at the level of cultural groups, and how they do so, is, however, unclear and 1 3 debated. Here, we apply an approach from systems biology, known as Pareto task 1 4 inference (ParTI), to bring a fresh perspective to these questions. ParTI considers 1 5 systems that need to perform multiple tasks. No system can be optimal at all tasks at 1 6 once, leading to a fundamental tradeoff. These tradeoffs result in specific patterns in 1 7 multivariate trait data: data falls inside polygons in trait space, whose vertices are trait 1 8 combinations that are adaptive for each of the tasks. ParTI can infer the number of 1 9 adaptive tasks and their nature without need for a-priori assumptions, based on the 2 0 vertices of these polygons. Here, we applied ParTI to two datasets of cultural traits, on 2 1 Austronesian cultures and modern hunter-gatherers, adjusting for phylogeny and 2 2 spatial diffusion effects. We find evidence that these independent datasets show a 2 3 tradeoff between the same three tasks. We identify the tasks as resource defense, 2 4 resource competition, and mobility/exchange. Specific combinations of cultural traits 2 5 are adaptive for each of these tasks. This approach can be widely applied to any large 2 6 multivariate dataset to study trade-offs in cultural evolution. 2 7 2 8 2 9
Culture has helped humans to adapt to diverse environments. Cultural traits vary 3 1 widely between groups, and a central goal of the field of cultural evolution is to understand 3 2 the processes that lead to this diversity. A central theory to understand the evolution of 3 3 cultural traits is the theory of cultural group selection (CGS), presented by Boyd and 3 4 Richerson (1). CGS proposes that processes of cultural evolution, acting on group-level 3 5 variation in cultural traits, lead to group-level adaptedness (2). Group-level variation in 3 6 cultural traits is transmitted, inherited, and maintained by various mechanisms, which include 3 7 biased social learning, coordination payoffs, punishment of deviant behaviors and group-3 8 level symbolic boundaries (3). Intergroup competition, in the form of either natural selection, 3 9 selective imitation of successful groups, or selective migration between groups, acts on this 4 0 variation and promotes cultural traits beneficial on the group level (2, (4) (5) (6) (7) (8) . Cultural traits that 4 1 contribute to the fitness of the group tend to be selected (copied, maintained), and CGS 4 2 therefore predicts that cultural traits can be adaptive at the level of cultural groups. (polytopes are the generalization of polygons and polyhedra to higher dimensions) we 1 2 0 applied Principal Convex Hull Analysis (PCHA) (11,21) as implemented in the python 1 2 1 package py_pcha. Given an n-dimensional dataset and a number of vertices k, PCHA 1 2 2 computes a convex hull with k (n-dimensional) vertices that best accounts for the variance in 1 2 3 the data (11). This differs from PCA, which attempts to recover the orthogonal axes that 1 2 4 explain the most variance, which need not correspond to the relevant trade-off space. We 1 2 5 determined the number of vertices to test, k, by using the estimated dimension D of the data 1 2 6 estimated by PCA, by k=D+1. Thus, two-dimensional data is fit to a triangle with three 1 2 7 vertices, one-dimensional data to a line segment with two vertices, etc. We tested statistical 1 2 8 significance of polygons by using the t-ratio test as specified by Shoval et al. (12) . The t-ratio 1 2 9 is the ratio between the areas (or volume) of the convex hull of the data and the area (or 1 3 0 volume) of the minimal enclosing polygon. The closer the polygon fits the data, the closer the 1 3 1 t-ratio is to one. The idea is that a good fit of a polygon means that the external outline of the 1 3 2 data cloud (its convex hull) has almost the same volume as the polygon (there is little empty 1 3 3 space between the polygon and the data). A p-value was computed by the probability that the 1 3 4 t-ratio of data shuffles is smaller or equal to the t-ratio of the real data based on 10,000 data 1 3 5 shuffles (see Supplementary Information 5). In cases where we adjusted for phylogeny and 1 3 6 spatial effects, the data was shuffled using null models hat preserve the phylogenetic and 1 3 7 geographic structure (Supplementary Information 5). Using ParTI analysis, we find that the distribution of traits for the Pulotu cultures is 1 6 8 well described by a triangle (p<10 -3 ) (Figure 2A , Supplementary Information 5). We plot this 1 6 9 triangle in the plane of the first two principal components, which explain 20% of the variance 1 7 0 and are significant compared to a phylogenetic null model (Methods). The triangle is 1 7 1 populated almost uniformly by cultures. Many a-priori possible combinations of traits do not 1 7 2 seem to occur, resulting in the empty trait-space around the triangle. Shuffled data does not 1 7 3 fill a triangle ( Figure 2B ), also when taking into account phylogeny (Supplementary 1 7 4 Information 5). 1 7 5 According to Pareto theory, this triangle indicates three tasks that have tradeoffs 1 7 6 between them. The three vertices of the triangle are combinations of cultural traits that are 1 7 7 potentially adaptive for these three tasks (see Table S1 ). Below, we infer the three putative 1 7 8 tasks. We label the three vertices by these tasks -Resource Competition, Mobility/Exchange 1 7 9 and Resource Defense -and describe how the tasks were inferred below. 1 8 0 In order to study the relation between the traits and language phylogeny, we displayed 1 8 1 the cultures on a language tree. Cultures are color-coded according to their distances from 1 8 2 the vertices of the triangle ( Figure 2C Figure 2CD ), suggesting that geographical 1 8 9 proximity and phylogenetic inertia are not the only forces at play. Below, we adjusted for 1 9 0 phylogenetic and geographic gradients in our analysis. 1 9 1 Characterization of vertices for Pulotu 1 9 2 To characterize the underlying tasks, we asked which cultural traits characterize the 1 9 3 cultures closest to each vertex. For this purpose, we used regression for each trait on its 1 9 4 distance on the triangle from each vertex, adjusted for spatial and phylogenetic effects 1 9 5 (Methods), correcting for multiple hypotheses testing errors. Each of the three vertices shows 1 9 6 distinct cultural traits ( Figure 2E ). 1 9 7
The cultures closest to the Resource Competition vertex are the stratified Polynesian 1 9 8 cultures (23,24). Closeness to this vertex is strongly associated with mana (supernatural 1 9 9 power), especially when linked with descent and social status, and with the worship of deified 2 0 0 ancestors. These traits are related to colonization and conquest -founders of colonies become 2 0 1 revered ancestors and their descendants enjoy high status ("founder-focused ideology") 2 0 2 (23,25 To test the generality of these findings, we analyzed an independent dataset of 2 2 1 modern hunter-gatherer cultures (19) (Figure 3 ). Considering the first two principal 2 2 2 components, which explain 33% of the variance of this dataset, we again find a distribution 2 2 3 inside a triangle (p<10
) with three well-defined vertices ( Figure 3A , Supplementary 2 2 4 Information 5 and Table S2 ). For reasons discussed below, we assign the same three labels to 2 2 5 these vertices. As with the Pulotu dataset, the traits show geographical trends ( Figure 3B ), 2 2 6 and hence we performed regression adjusted for phylogenetic and spatial effects 2 2 7 (Supplementary Information 6). The hunter-gatherer cultures closest to the Resource-Competition vertex are the 2 4 0 stratified societies of the North-American Pacific Northwest, with strong enrichments for 2 4 1 prerogatives of leadership, intense and aggressive warfare and political complexity, as well 2 4 2 as sedentism ( Figure 3C ). As with the Austronesian cultures, the hunter-gatherers that are the 2 4 3 closest to the Mobility/Exchange vertex come from areas with the lowest resource density -2 4 4 the arctic tundra and deserts. This vertex is enriched with high mobility, low inter-group 2 4 5 violence and low religious and political complexity. Last, the cultures closest to the Resource 2 4 6
